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Tracking the interaction between injected CO 2 and reservoir fluids using noble gas isotopes in an analogue of large-scale carbon capture and storage Geological storage of CO 2 , either in dedicated storage sites or via the utilisation of CO 2 for enhanced oil recovery (EOR), has the potential to achieve significant reduction of CO 2 emissions (IPCC, 2005) . The engineering and long-term security of geological storage sites is dependent on how and where CO 2 will be stored over the lifetime of the site. Consequently, there is a need to resolve the mechanisms by which injected CO 2 is stored, quantify the efficiency and identify how injected CO 2 interacts with in-situ subsurface fluids. This demands the development of CO 2 monitoring and verification techniques (Haszeldine et al., 2005; Scott et al., 2013) .
Several models of CO 2 flow and the consequent changes in physico-chemical parameters of reservoir fluids have been developed (e.g. Arts et al., 2004; Emberley et al., 2005; Knauss et al., 2005; McCraw et al., 2016; White et al., 2005) . Whilst the majority of monitoring studies have relied on seismic surveys to image the free phase CO 2 plume, the technique cannot resolve the amount of CO 2 dissolved into the formation reservoir within a storage site (Scott et al., 2013) . A wide range of geochemical tracing techniques have been developed to track the movement and storage of injected CO 2 (Humez et al., 2014 ), yet there is an outstanding need to develop a robust tool which can resolve the amount of CO 2 dissolved into the formation water within a storage site. The isotopic composition of CO 2 (d 13 Cand d
18
O) has been widely used to trace injected gas and track its interaction with reservoir rock and formation water as well as constrain the mechanism of storage (e.g. Assayag et al., 2009; Johnson et al., 2011 Johnson et al., , 2014 Lu et al., 2012b; Myrttinen et al., 2010; Serno et al., 2016; Raistrick et al., 2006) . Both d 13 C and d
18 O measurements have also been used as a leak detection tool (e.g. Mayer et al., 2015) . However, in cases where the stable isotopic composition of injected and reservoir gas end-members is similar, the stable isotope measurements must be combined with other techniques in order to provide unique tracers of the CO 2 (Sherwood Lollar et al., 1997; Wycherley et al., 1999) . Chemical tracers such as deuterated hydrocarbons (e.g. CD 4 ), perfluorocarbons (PFCs) and sulphur-hexafluoride (SF 6 ) have been added to CO 2 to determine breakthrough time and fluid interactions of injected gases in reservoirs (Boreham et al., 2011; Lu et al., 2012a; Stalker et al., 2015) . However, they are prohibitively expensive to be considered for industrial scale deployment (Nimz and Hudson, 2005) , technically difficult to inject, and both PFC's and SF 6 are potent greenhouse gases which will add to the greenhouse gas risk of the site should any leakage occur. The noble gases (He, Ne, Ar, Kr and Xe) are chemically unreactive but have different solubility in fluids, so act as excellent tracers of physico-chemical processes that have affected near-surface fluids. Noble gases in natural CO 2 -rich reservoirs have been used to resolve the origin and fate of CO 2 (e.g. Ballentine et al., 1991; Ballentine et al., 2001; Battani et al., 2000; Kennedy et al., 1988; Marty et al., 1991; Sherwood Lollar et al., 1994) that can be considered to be analogues for artificial long-term geologic storage (Haszeldine et al., 2005) . More recent works have focused on how CO 2 has been stored in reservoirs over geological timescales (Gilfillan et al., 2008 (Gilfillan et al., , 2009 (Gilfillan et al., , 2011 Güleç and Hilton, 2016; Sathaye et al., 2014; Zhou et al., 2012) and in active EOR fields (Shelton et al., 2016) . Inherent and artificially introduced Kr and Xe isotopes have been used to trace the movement and the time of breakthrough of injected CO 2 in carbon storage trials and CO 2 -EOR fields (Freifeld et al., 2005; Giese et al., 2009; Lu et al., 2012a; Nimz and Hudson, 2005; Stalker et al., 2015) but as yet, no determination of the fate (e.g. whether the CO 2 dissolved into the formation water or was precipitated as new carbonate mineral) of injected CO 2 using these sensitive tracers has been undertaken.
Naturally occurring noble gases present in the CO 2 injected into the Cranfield EOR field (MS, USA), have recently been used to identify the loss of free phase CO 2 from the free supercritical phase (Gy€ ore et al., 2015 Kr, 132 Xe measurements from the Cranfield EOR field provides an excellent analogue of how similar techniques could be applied to quantify the fate of CO 2 injected into an engineered CO 2 storage site.
The Cranfield Enhanced Oil Recovery (EOR) field
The Cranfield oil field is located in Adams and Franklin counties of south-western Mississippi, United States. The oil reservoir is a 15e25 m thick conglomerate and sandstone of the Upper Cretaceous Lower Tuscaloosa Formation, at~3 km below surface level. The field is a four-way closure, 6.4 km diameter dome structure. The geology and the history of primary oil recovery as well as the experiments conducted there as part of the Southeast Regional Carbon Sequestration Partnership (SECARB) are described in previous studies (e.g. Hosseini et al., 2013; Hovorka et al., 2013; Lu et al., 2012a Lu et al., , 2012b Lu et al., , 2013 .
The EOR operation commenced in July 2008, and consists of the transport and injection of CO 2 from the Jackson Dome natural CO 2 reservoir (MS, USA). Prior to CO 2 injection there had only been minor water injection into the field since its abandonment in 1966. The methane, which had been co-produced with oil, was reinjected to maintain reservoir pressure during production. At end of the oil production, this methane cap was produced and then the field was abandoned. The CO 2 -EOR operation consists of only CO 2 injection, with no water alternating gas (WAG) injection Lu et al., 2012b) . This is rather unusual for a CO 2 -EOR field, which makes Cranfield an ideal analogue for a large-scale CO 2 storage project (Lu et al., 2012b) . As injected CO 2 migrated through the field, pressure increased and CO 2 dissolved into oil and water, and the CO 2 -oil mixture migrated to production wells, where CO 2 , brine, oil and hydrocarbon gases were produced. Produced fluids are separated and the oil is sent to the market, produced water is injected in a different zone for disposal, and the recovered CO 2 (plus some produced hydrocarbon gases) is re-injected . As the amount of recycled gas has increased, additional injection and production wells were brought into operation, moving from the northwest part of the field in a clockwise direction over several years. The rate of produced gas recycling has increased with time, rising from~10% (by mass) at the end of 2009 to~30% by early 2012.
A CO 2 monitoring research programme has been funded primarily by the US DOE as part of the SECARB. This has included surface monitoring of CO 2 in soil gases using the process-based method (Romanak et al., 2012) , fluid flow and storage capacity modelling in the reservoir, seismic surveying to image the injected CO 2 and an extensive programme of monitoring in a dedicated part of the field, known as the Detailed Area of Study (DAS) site ( Fig. 1 ) (Alfi and Hosseini, 2016; Commer et al., 2016; Hovorka et al., 2013 Fig. 1. The map of the Cranfield EOR field (Mississippi, USA). The grey contour shows the depth of the oil-water contact in feet (1 m ¼ 3.28 feet). The red triangles and green circles identify the surficial location of the injection wells and production wells respectively. The production wells sampled in this study are identified by their sample ID, while other wells in the field that were not sampled are identified as blue circles. The inset figure shows the location of the Cranfield site and the Jackson Dome field, from where the CO 2 is pumped for oil recovery. DAS: Detailed Area of Study. Redrawn after Lu et al. (2012b) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) and references therein). In December 2009 and April 2010, artificial Kr, Xe and SF 6 tracers were injected into the CO 2 stream through well 31F-1 (API: 2303721488) at the initial rate of 300 kg/min below the oil-water contact (Lu et al., 2012a) . Produced CO 2 chemistry was monitored at well 31F-2 (API: 2303721485) and well 31F-3 (API: 2303721486), 65 m and 112 m east of the injection well respectively. Unfortunately, Xe arrival was not reported due to measurement issues but it was found that Kr reached wells 31F-2 and 31F-3 in~317 and 245 h after the start of injection, with SF 6 arrival 26 h earlier in both cases (Lu et al., 2012a) .
Sampling and analytical techniques
Gases from injection and production wells from the lower Tuscaloosa reservoir were sampled by the established copper tube method as described in Gy€ ore et al. (2015) . The samples were collected in December 2009 and March 2012, 18 and 45 months after the start of CO 2 injection in early July 2008. The injected CO 2 stream was sampled during both campaigns at one injection well head (following injection of some~3 Mt of 'new' CO 2 from Jackson Dome which was mixed with gas produced from the field prior to reinjection). Seven and eight production wells were sampled in 2009 and 2012 respectively. Five production wells, out of the seven sampled in 2009, were in operation in 2012 and were re-sampled ( Fig. 1) . The DAS site was sampled separately in December 2009 and April 2010. Samples were collected six times between the 4th and the 19th of December from observation well 31F-2, and three times between the 4th and the 21st of December from observation well 31F-3. The injected tracer was also sampled prior to its introduction to the DAS site.
Gases collected from the lower Tuscaloosa reservoir were purified in a purpose built all-metal ultra-high vacuum system (Gy€ ore et al., 2015) . An aliquot of the pre-cleaned gas was taken for Kr and Xe analysis and was purified by exposure to four SAES GP50 ZrAl alloy getter held at 250 C for 10 min. This was followed by equilibration to a liquid nitrogen cooled charcoal cold finger (held at À196 C) for 10 min which retained Ar, Kr and Xe. He and Ne were then removed by pumping. The charcoal cold finger was then warmed to around À80 C using an acetone-dry-ice slush mixture for 10 min and the gas was then administered to the mass spectrometer for analysis. The heat up step released 10e50% of the Kr and no Xe. Finally, the residual Ar was pumped and the charcoal was warmed up to~80 C by hot water for 10 min (Pujol et al., 2011) and the remaining Kr and Xe was analysed in the mass spectrometer. The final heat up step removed all remaining noble gases from the charcoal finger.
The concentration of 84 Kr and 132 Xe were measured using an MAP 215-50 noble gas mass spectrometer operated in static mode. Kr and Xe beam intensities were determined on a Burle channeltron electron multiplier in pulse counting mode. The reproducibility of the analysis was determined by repeated analysis of air. The absolute amount of 84 Kr and 132 Xe is based on a peak height comparison with the calibration bottle, using the composition of air (Berglund and Wieser, 2011; Ozima and Podosek, 2001 Xe/ 36 Ar of the DAS observation wells were analysed on a VG 5400 noble gas mass spectrometer at the University of Rochester by the method described by Poreda and Farley (1992) .
Results

DAS observation wells
The noble gas tracers injected into the DAS site in both Ne of all samples is several orders of magnitude higher than the atmospheric value and therefore atmospheric air contamination during sampling or analysis can be ruled out (Gy€ ore et al., 2015) . The composition of the Jackson Dome CO 2 which was sampled directly from the pipeline cannot be used due to a CO 2 hydrate build up causing noble gas fractionation during sampling (Gy€ ore et al., 2015) . 
Discussion
Migration of injected Kr and Xe tracers from DAS site into the Lower Tuscaloosa reservoir
The concentration of artificial 84 Kr in the DAS site fluids must have been~1219 times higher than that in the lower Tuscaloosa pool (Appendix 1), and thus a small contribution of this CO 2 would significantly affect the 84 Kr/
36
Ar of the production gases and rule out their use as natural tracers. Hence, the possibility of migration of the artificially introduced Kr and Xe from the DAS site to the main Cranfield EOR reservoir must be assessed before undertaking interpretation of the data obtained from the well head gases produced from the Tuscaloosa reservoir. Table 1 The isotopic composition of the injected Kr and Xe into the DAS site in 2009 and in 2010. The injected gas composition is almost identical to that of atmospheric air. 1s uncertainties are in parenthesis as last significant figures. The composition of atmospheric air is after Berglund and Wieser (2011 (2015) .
The composition of air is after Ozima and Podosek (2001) .
The geographical locations and API numbers of production wells are in Table 5 .
All production wells samples were taken from the lower Tuscaloosa reservoir between the 1st and the 4th of December 2009, with the first DAS tracer injection event taking place on 3rd December 2009. Consequently, the injected Kr and Xe into the DAS site did not have enough time to travel to the lower Tuscaloosa reservoir (Lu et al., 2012a) (Fig. 2) . This relationship provides conclusive evidence that the gases sampled in both 2009 and 2012 from the lower Tuscaloosa pool do not contain the artificial Kr and Xe tracer injected into the DAS site.
5.2. Resolving CO 2 ewatereoil interaction 5.2.1. Role of air-saturated water-derived noble gases in the reservoir gas In a crustal fluid system, atmosphere-derived noble gases originate from either aquifer recharge or equilibration of formation water at the time of sediment deposition (e.g. Kipfer et al., 2002) . The dissolution of CO 2 into groundwater results in the (partial) degassing of the dissolved noble gases into a free gas phase (Gilfillan et al., 2008 (Gilfillan et al., , 2009 Zhou et al., 2012) . Completed degassing of noble gases will impart an ASW-like noble gas element composition to the gas phase. Given that CO 2 injection in Cranfield causes the same degassing process, it is likely that ASW 20 Ne/ Ar ratios generally follow a similar binary mixing curve, which starts at the ASW ratio of 0.163 (Fig. 3A) indicating that the ASW is the most probable source of the atmospheric noble gases in the pre-injection reservoir. However, several samples plot below the mixing line.
The binary mixing with ASW-derived gas is much less apparent in the case of and/or some process such as dissolution has fractionated the noble gases.
Noble gas composition of the pre-injection Cranfield reservoir gas
In order to identify the process responsible for the Kr and Xe data set, the noble gas compositions of the pre-injection reservoir fluids need to be determined. The formation water with ASW noble gas composition has been in contact with the reservoir gas (mostly CH 4 ) and oil without perturbation since field abandonment in 1966 and can be assumed to have reached equilibrium. If the reservoir gas and oil have not been in contact with the atmosphere since they were generated, they will not have originally contained atmospheric derived noble gases (e.g. Ballentine et al., 1996) . However, on migration the hydrocarbons will have interacted with formation water.
Noble gases partition between phases according to Henry's law. Henry's constants under reservoir conditions (32.4 MPa, 120 C, 2.5 M salinity; Lu et al. (2012b) ) for Ne, Ar, Kr and Xe are calculated to be 3717, 2616, 2274 and 1967 atm kg/mol in water (Crovetto et al., 1982; Smith and Kennedy, 1983) and 337, 141, 51 and 30 atm kg/mol in light oil (Ballentine et al., 1996; Kharaka and Specht, 1988) . The currently available constants for noble gas solubility in oil are for light oil with an API of 34 and heavy oil with an API of 25 . The Cranfield oil has an API of 39 contact with oil and gas, assuming a closed system. Under these conditions, batch fractionation describes the fractionation of noble gases (Bosch and Mazor, 1988) using Eqs. (A.1-3) (see Appendix 2). In order to determine the gas/water (G/W) and oil/water (O/W) ratios prior to CO 2 injection, we use the production values from well 28F-2 and 44-2, which had only been producing for a few days at the time of sampling in December 2009 (Mississippi Oil and Gas Board, MSOGB, 2015) and are considered to be representative of the reservoir prior to CO 2 injection (Gy€ ore et al., 2015) . Well 28F-2 and 44-2 produced 75 and 59 m 3 water/day and 4930 and 3510 m 3 STP gas/day, respectively at the time of sampling. Neither well was an Table 2 ). The red line shows the trend of changes in the isotopic composition due to the artificial Kr-Xe tracer injection. Ar of the Jackson Dome gas and was found to be 0.0014. Uncertainties are 1s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) oil producer at this time, which defines production rate of less than 0.5 m 3 /day (values were recorded at the wellhead during sampling). The two wells are located on the east and the west sides of the field respectively. Using these values, the gas (CH 4 only)/water (G/W) and oil/ water (O/W) ratios prior to CO 2 injection into the field under reservoir conditions can be estimated to be 0.2 and up to 0.0075 respectively (see e.g. Ballentine et al., 1996) Ar in the CH 4 gas phase were calculated to be 0.181, 0.0285 and 0.0016 and in the oil phase to be 0.076, 0.0793 and 0.0075 respectively. The remaining water phase will have the composition of 0.126, 0.0327 and 0.0021 respectively (Table 4 & Fig. 4AeB ).
Evolution of gas composition during CO 2 injection
The modelled evolution of the 84 Kr/ 36 Ar and 20 Ne/ 36 Ar gas composition by continuous CO 2 injection in the reservoir is illustrated in Fig. 4AeB . At the beginning of the injection the Jackson Dome CO 2 (Zhou et al., 2012) mixes with the pre-injection reservoir gas following the trajectory defined by line 1. The injection of CO 2 can be expected to result in degassing of noble gases from the formation water and also the oil phase. This process has been observed in a number of natural CO 2 reservoirs (Gilfillan et al., 2008; Zhou et al., 2012) and can be modelled using the batch fractionation equation. However, in Cranfield, equilibrium is unlikely to be established due to the large quantity of CO 2 injected over a relatively short period of time. Consequently, we use a mixing line that defines the evolution of noble gases between the pre-injection reservoir natural gas composition and the fully degassed water (line 2), and fully degassed oil (line 3). Complete degassing of noble gases from the formation water and the oil phase (where G/W and G/O ¼ infinite) means the gas phase will inherit a mix of ASW and oil-derived noble gases. In this case, mixing will continue between the Jackson Dome gas and the ASW (line 4) and/or fully degassed oil composition (line 5). The
84
Kr/ 36 Ar of the well gas samples are plotted against
20
Ne/ 36 Ar in Fig. 4A . The 2009 production well data plot within or around the triangle defined by Jackson Dome, pre-injection reservoir gas and ASW (line 1, 2 & 4). Data can be categorised into 3 groups: Well 28F-2 and 44-2 lie on the gas evolution line (line 2). This requires active and ongoing contact between the injected gas and the formation water. These are the two samples where CO 2 dissolution has been identified by Gy€ ore et al. (2015) for which the heavy noble gases were measured in this study. In both cases gas production started only a few days prior to sampling (MSOGB, 2015) . Gases from wells 28-2, 29-1 and 27-5 plot on or slightly above the ASWeJackson Dome CO 2 mixing line (line 4). These samples appear to have acquired their Ne, Ar and Kr by complete degassing of ASW and mixing between ASW and the injected Jackson Dome CO 2 . Gas from the injection well 31-F1, and production wells 29-6 and 29-9 are located much closer to the Jackson Dome composition but still below the ASWeJackson Dome mixing line (line 4). The location of these samples on the mixing line means that the amount of injected CO 2 is much higher than in the case of well 44-2 and 28F-2. Well gases 29-6 and 29-9 have the highest CO 2 concentrations of all the production wells sampled, and the noble Ar (A) mostly follows the mixing curve. Kr (B) and Xe (C) data do not sit on the curve indicating either the presence of a third end-member or a more complicated process than mixing that causes severe fractionation. Uncertainties are 1s. , 2015) . This is consistent with the injected CO 2 flowing through the reservoir with little contact with the formation water (and oil), and supports the hypothesis that the in-place natural gas has Ne, Ar and Kr in relative proportion that is consistent with partially degassed water. All 2012 samples plot well above the ASWeJackson Dome mixing line (line 4) in Fig. 4A . This is explained by the presence of highly fractionated noble gases derived from the degassing of oil as a result of the continuous CO 2 injection. Only one sample (well 70-2) overlaps with the fully degassed oil mixing line (line 5). This may be explained by the time elapsed since the start of EOR operation and when those wells started oil production. This sample is from the southeast part of the field which was the last section to be subjected to CO 2 injection and was only exposed to CO 2 flooding shortly prior to sample collection in March 2012 (MSOGB, 2015) . This indicates that the oil degassing by continuous CO 2 injection had reached near completion around that part of the reservoir by the time this well started producing, implying that oil degassing is a regional event across the Cranfield reservoir. All other samples show partial oil degassing as with the gasewater system. Ne/ 36 Ar in Fig. 4B . The majority of the 2009 well gases plot above the line described by fully degassed water (line 4). They plot within the area that requires interaction with partially degassed oil. The three distinct groups that are identified based on the Kr/Ar data ( Fig. 4A ) are distinct in Ne-Ar-Xe space. The two well gases that overlap the reservoir gas evolution line (28F-2 and 44-2) in Fig. 4A are the closest to the ASW composition. The three that require fully degassed water (28-2, 29-1 and 27-5) plot together. The injection well and the production wells 29-6 and 29-9 that did not show significant interaction with the groundwater also have similar Xe/ Ar ratios. The 132 Xe/ 36 Ar data of the 2012 well gases ( There are two possible explanations for the observed Xe data. Henry's constant of Xe in supercritical CO 2 ewater system differs significantly from that of CO 2(gas) ewater system, indicating that the solubility of Xe in supercritical CO 2 is significant (Warr et al., 2015) . The Henry's constants for the other noble gases than Xe are less different. Although the experiments of Warr et al. (2015) were not completed at the pressure and temperature conditions representative of the Cranfield reservoir and they did not investigate a three component (supercritical CO 2 ewatereoil) system, it is likely that Xe can be extracted more efficiently than other noble gases from oil by contact with supercritical CO 2 .
An alternative explanation is the presence of 'excess' Xe trapped in, or adsorbed on, organic-rich material (e.g. Kennedy et al., 2002; Torgersen and Kennedy, 1999; Torgersen et al., 2004; Zhou et al., 2005) . If excess Xe is present in the Cranfield oil phase, it would either have made the oil oversaturated with respect to Xe, or the adsorbed Xe would have been easier to desorb than degas. If this is the case then even the gas phase CO 2 would have easier access to that Xe than the dissolved Kr in the oil phase, resulting in high Xe concentrations in the gas phase in the early phase of injection. Based on this phenomenon it is also possible that a small amount of excess Kr is present in the system.
Re-dissolution of the degassed ASW-derived noble gases into the formation water in natural CO 2 reservoirs over geological time has been proposed as an explanation for elevated 20 Ne/ 36 Ar ratios (Gilfillan et al., 2008 (Gilfillan et al., , 2009 Zhou et al., 2012) . However, we can rule this out due to the large amount of injected CO 2 in a short period of time. Instead, the Kr and Xe noble gas data demonstrate that the injected CO 2 has contacted the different reservoir fluids to varying degrees throughout the Cranfield EOR reservoir over a range of timescales. It should be noted that the uncertainty of the composition of the in-situ gas ( Cranfield. At the beginning of the injection, Jackson Dome gas mixes with the in-place gas along Line 1. CO 2 injection firstly degasses the water (Line 2), at the end of which mixing is described between Jackson Dome and ASW (Line 4). The likelihood of oil degassing at the early stage of CO 2 -EOR operation is low due to the very low O/W ratio in the reservoir (see text), however, it cannot be completely ruled out. Later, the oil is degassed (Line 3), and in case of full degassing defines the mixing between Jackson Dome and fully degassed oil (Line 5 situ gas and oil composition with respect to noble gases in Fig. 4 from ASW will not change. Consequently, uncertainty in the insitu gas end-member will have little or no impact on the general trends observed and interpretations of these trends. He vs. CO 2 concentration The isotopic composition of He along with the observed CO 2 concentrations from the Cranfield EOR field demonstrate that five production well gas samples suffered significant CO 2 loss from the gas phase (Gy€ ore et al., 2015) . Here, we show using more detailed modelling that CO 2 dissolution can be identified in nearly all of the produced gas samples.
Previous studies have shown that CO 2 / 3 He of natural gases is a powerful tracer of the history of crustal natural gases that were derived from magmatic sources (Marty and Jambon, 1987; Marty et al., 1989; Sherwood Lollar et al., 1997; Trull et al., 1993 He values from gas produced from the Cranfield field when compared to the CO 2 concentration, generally show mixing between Jackson Dome gas and pre-injection Cranfield gas (Fig. 5) . A mixing line (continuous line) can be drawn between the Jackson Dome value (CO 2 ¼ 99%, CO 2 / 3 He ¼ 2.53 Â 10 9 , Zhou et al. (2012)) and the in-situ formation gas composition prior to injection of Jackson Dome CO 2 into the field (CO 2 / 3 He ¼ 1.9 Â 10 9 ). The latter is calculated based on the CO 2 concentration (4%, Lu et al. (2012b) ), 2015), where almost all the samples show slightly lower CO 2 concentrations than predicted from the binary mixing relationship. The CO 2 loss in the five lowest CO 2 concentration samples was found to be between 28% (27-5 2009) and 93% (28F-2 2009) using the difference between measured 3 He/ 4 He and 40 Ar * / 4 He ratios from those predicted from the two mixing lines between the injected CO 2 and the prior-to-CO 2 injection end member (Gy€ ore et al., 2015) . This has been calculated using the relative difference between the measured CO 2 concentration and the theoretical concentration at any given 3 He/ 4 He value according to the mixing curve. The CO 2 loss from the remaining samples can be calculated to be between 7% (29-5 2012) and 0.5% (45F-4 2012) (Table 5 ) using the same technique. The range of CO 2 loss is large, reflecting different degrees of CO 2 e water contact. The CO 2 loss in each well is in accordance with the nonradiogenic noble gas data above, which indicates that CO 2 has been in contact with the reservoir water and oil. The CO 2 / 3 He of well 29-5 2012 is 4.01 Â 10 9 which is much higher than the Jackson Dome value of 2.53 Â 10 9 . This requires the addition of crustal CO 2 , which has insignificant 3 He content. The addition of crustal derived CO 2 , other than from mixing, can be explained by some carbonate dissolution and subsequent CO 2 degassing. The Cranfield reservoir contains an average of 1.1% calcite (Lu et al., 2012b) . The dissolution of CO 2 will make the formation water a weak acid, thus more capable of dissolving calcite (Shevalier et al., 2013) . Evidence of a small amount of carbonate dissolution has been identified by Lu et al. (2013) in the Cranfield field. To account for the high CO 2 / 3 He ratio in sample 29-5 2012, 37% of the CO 2 would need to be derived from carbonate minerals although we are unable to rule out a degree of fractionation which could also increase the CO 2 / 3 He value.
Stable isotope data
The fractionation of d 13 C CO2 and CO 2 / 3 He has previously been used to distinguish between CO 2 precipitation to carbonate minerals and dissolution into formation water within natural CO 2 reservoirs (Dubacq et al., 2012; Gilfillan et al., 2009; Zhou et al., 2012) . CO 2 / 3 He has been recently examined at an active EOR site (Shelton et al., 2016) ; however, the d 13 C CO2 and CO 2 / 3 He relationship has not yet been used in a field where CO 2 injection is active. Here, we investigate if the technique can be used to resolve the fate of the CO 2 injected into the Cranfield CO 2 -EOR field. The CO 2 / 3 He of a selection of wells from Cranfield is plotted against d 13 C CO2 in Fig. 6 .
The CO 2 / 3 He composition of the CO 2 injected into Cranfield from Jackson Dome is 2.53 Â 10 9 (Zhou et al., 2012) and À2.6‰, (Lu et al., 2012b) , which was sampled from the bulk line bringing the CO 2 to the Cranfield site. Lu et al. (2012b) and low CO 2 / 3 He ratio (2.21 Â 10 9 ) compared to the other samples.
The dashed line in Fig. 6 is the modelled mixing between the injected Jackson Dome CO 2 and the Cranfield natural gas composition present prior to CO 2 injection (1.9 Â 10 9 and -10.5‰, see factor between CO 2(g) and H 2 CO 3 is 0.7 (Myrttinen et al., 2014) and between HCO 3 À -CO 2(g) is À0.2 (Mook et al., 1974 as CO 2 dissolves to be constrained at any pH (Gilfillan et al., 2009 ). The dissolution curve has been calculated at pH ¼ 5.8, which is the average reservoir pH in December 2009 (Lu et al., 2012b) . Gases sampled in 2009, except for 29F-1, clearly show that the lost CO 2 has dissolved into the formation water confirming the previously outlined interpretation from the Kr-Ar-Ne data for the 2009 samples. The sample located right from the curve, outside the range of uncertainty could be explained by small variation of the local pH. The simplest explanation for well 29F-1 plotting off the dissolution curve is the low CO 2 concentration. This means that there is evidence for both mixing with the pre-CO 2 injection reservoir gas and dissolution processes in the well 29F-1 dataset. While the mixing may be unimportant in the other samples, and therefore the dissolution can be modelled by having a well-defined starting point of the curve (Jackson Dome), the starting point of the dissolution curve for well 29F-1 gases can be anywhere along the mixing curve. The dissolution into the formation water may also explain why some data points on the d 13 C CO2 eCO 2 diagram (Fig. 3 in Lu et al. (2012b) ) are located to the lighter d 13 C CO2 side of the mixing curve. The dotted line shows the predicted trend for carbonate precipitation after Gilfillan et al. (2009) . The fractionation factor between CO 2(g) and CaCO 3 under reservoir conditions (see above) can be calculated to be 2.9 (Golyshev et al., 1981) . The only sample which overlaps the precipitation trend line (dotted line) is from well 28-2 collected in 2012. The change in CO 2 / 3 He and d
13
C CO2 in this sample could potentially be explained by precipitation of 12% of CO 2 as new carbonate mineral within the reservoir.
Despite extensive monitoring of the Cranfield reservoir fluid, geochemistry over the~3 year period showed no evidence of carbonate precipitation . It is improbable that evidence of CO 2 precipitation should be recorded in only one sample if it was occurring across the reservoir. A more probable explanation is that greater relative CO 2 mixing with the oil present in the reservoir has occurred, which has fractionated the d 13 C CO2 as a result of greater contact of the CO 2 with the residual oil on the way to that well. Unfortunately, the isotopic fractionation of carbon isotope between CO 2(gas) and dissolved CO 2 in crude oil has not yet been studied in Table 5 The relative amount of lost CO 2 and theoretical CO 2 concentrations for Cranfield production wells. Lost CO 2 is expressed as a percentage, relative to the original CO 2 content. Original CO 2 content is also expressed as a percentage. Data have been re-calculated after Gy€ ore et al. (2015) C CO2 of Cranfield well gases. The majority of the data plot vertically below the bulkline composition on the dissolution curve (continuous line) at pH ¼ 5.8 indicating that CO 2 has dissolved into water in those samples. Well 29F-1 could show dissolution (see text) but due to the low CO 2 concentration in that sample, both mixing with in-situ Cranfield gas and dissolution are apparent. Hence, there is uncertainty in the position of this sample (29F-1) on the dissolution curve and thus the pre-injection isotopic composition. Data from well 28-2 overlaps with the mineral precipitation line (dotted line) but a more likely explanation is that the presence of oil fractionates d 13 C CO2 , which cannot be quantified. The sample located to the right of the dissolution curve could be explained by small variation of the local pH. Combined Produced Gas data are those wells where CO 2 concentrations and d 13 C CO2 are after Lu et al. (2012b) and He data are after Gy€ ore et al. (2015) . Combined Bulkline Gas data's He data is from Zhou et al. (2012) and d 13 C CO2 is after Lu et al. (2012b) . Uncertainties are depicted are 1s.
detail. However, on the bases of the CO 2(gas) water system, it would be expected that partial CO 2 dissolution into the oil would preferentially extract 13 C from the CO 2 phase, resulting in a gas phase relatively depleted in 13 C. This fits the d 13 C CO2 fractionation trend observed to date. Due to the large amount of CO 2 injected in a relatively short period of time, we assume that the formation water is fully saturated and that the system is at or near to equilibrium. This assumption would make the system similar to natural gas reservoirs.
5.3.3. Estimation of the total amount of dissolved CO 2 over 18 months of injection As previously outlined, the low CO 2 / 3 He ratios indicate the loss of a proportion of the CO 2 through dissolution into the formation water, particularly in 2009. The isotopic composition of He after Gy€ ore et al. (2015) allow us to determine the relative proportion of CO 2 lost in each of the Cranfield production wells, and by comparing this to the amount of CO 2 produced from that well, the total amount of CO 2 lost to dissolution in 2009 is calculated. Summing the amount of CO 2 lost in the individual wells allows determination of the total amount of CO 2 lost to dissolution over the entire Cranfield CO 2 -EOR field in 2009. The total produced gas by December 2009 from each well on a monthly basis was provided by field operators during sampling for all wells. The numerical integral as the sum of the total produced gas by each well by the time of sampling is summarised in Table 6 . The sum of the total produced gas can be calculated to be 8.14 Â 10 7 m 3 STP.
In order to verify the total amount of produced gas, we now outline an independent means to estimate this value. The information regarding the volume of the injected gas (including Jackson Dome CO 2 , mixed with recycled gas produced from the Cranfield EOR reservoir) via individual injection wells is available on a monthly basis from MSOGB (2015) (see online supplementary data). Using this data, the total volume of the injected gas up to the 1st of December 2009 via all the injection wells that were in production can be calculated to be 7.78 Â 10 8 m 3 STP. The proportion of Jackson Dome CO 2 and recycled Cranfield gas injected into the reservoir is provided in Hovorka et al. (2013) , allowing the total mass of CO 2 injected by the 1st of December 2009 to be calculated as 1.500 Mt, which is equivalent to 7.64 Â 10 8 m 3 STP. If it is assumed that the CO 2 concentration is constant in a well during the 18 month observation period, the produced volume of the CO 2 in each well can be calculated using the CO 2 concentrations after Gy€ ore et al. (2015) and the volume of the produced gas provided by the field operator (Table 6 ). The sum of the calculated produced CO 2 is 5.35 Â 10 7 m 3 STP, which would make the CO 2 concentration of the produced gas to be 65.7%. The CO 2 concentration of the produced gas can also be calculated from the mass balance (see above), where the total produced gas and the total produced methane were calculated to be 9.78 Â 10 7 m 3 STP and 1.49 Â 10 7 m 3 STP, and was estimated to be 84.7%. The difference may reflect the fact that production wells 29-11 and 29-13 were not in operation at the time of sampling in December 2009, which had produced significant amount of gas previously. If those two wells are excluded from the calculations (based on recorded produced gas data in Table 6 ), the total produced gas is 6.68 Â 10 7 m 3 STP, which would make the CO 2 concentration of the produced gas 80% -only 4% different from the value calculated using the mass balance model. Using the calculated CO 2 concentrations (see Table 5 ), the production, corrected for CO 2 loss can be calculated (see Table 6 ). The sum of the theoretical produced CO 2 is 5.51 Â 10 7 m 3 STP, while the volume lost to dissolution can be calculated as 1.62 Â 10 6 m 3 STP (theoretical produced CO 2 e observed produced CO 2 ). Comparing this value to the total injected volume of CO 2 (7.78 Â 10 8 m 3 STP) we can determine that~0.2 ± 0.008% of the injected CO 2 has been lost to dissolution (assuming no uncertainty from i) the numerical models and ii) from the volumes and CO 2 concentrations of the produced gases in each well). It should be noted that the constant CO 2 concentration cannot be proved in the absence of time series data. However, by assuming the constant CO 2 concentration, we assume that the produced volumes of CO 2 presented here are maximums and therefore the percentage of dissolved CO 2 represents a minimum value. The degree of solubility trapping agrees with findings of Lu et al. (2013) who determined that there was limited evidence of substantial solubility trapped within the field. The majority of the CO 2 is retained stratigraphically (or residually). This indicates that the same techniques could be used to quantify the fate of CO 2 injected into an engineered CO 2 storage site. Unfortunately, we do not have access to the field production data set up to 2012, which prevents resolution of the amount of CO 2 lost to solubility trapping in 2012. However, we observe from the considerably smaller variation in CO 2 / 3 He ratios relative to those of the injected CO 2 in the 2012 data set, that CO 2 dissolution is much less significant. This is to be expected as over the 2 years and 4 months since the 2009 samples were collected, some 3.5 million tonnes of additional CO 2 were injected into the field. It is clear from the small differences between the CO 2 / 3 He ratios of a number of 2009 samples and that of the injected Jackson Dome CO 2 , that the formation water was already highly saturated with respect to CO 2 in certain portions of the field, which would limit further CO 2 dissolution.
Conclusions
The He ratios with d 13 C CO2 data allows constraint of the pH at which CO 2 dissolution is occurring which matches the previously measured average pH value from the field of 5.8 (Lu et al., 2012b) . Calculated production gas data, verified by a simple mass balance allows the He isotopic composition of well gases to be used to estimate the degree of solubility trapping throughout the reservoir. We find that~0.2 ± 0.008% of the total stored retained CO 2 is dissolved into the formation water within the Cranfield reservoir. As previous geochemical modelling (e.g. Lu et al., 2013) and d
C CO2
measurements rule out observable mineral precipitation we conclude that the remainder of the injected CO 2 is retained by stratigraphic or residual trapping.
Well gas samples collected 45 months after the commencement of CO 2 injection show that the CO 2 -oil interaction has become the main control on the noble gas composition of the gas produced. The lack of evidence of significant interaction between injected CO 2 and oil relative to the interaction between injected CO 2 and water during the earlier phase of oil recovery is not surprising as the Cranfield EOR field contains only residual oil which requires prolonged CO 2 interaction to liberate, with the formation water being much more accessible to the injected CO 2 at the start of the CO 2 -EOR operation of the field. This study provides an excellent demonstration of how the naturally occurring noble gases could be employed to quantify the fate of CO 2 injected into an engineered CO 2 storage site. 
